Previously we reported that the rapid activation of the Fak/Src multicomponent signaling complex mediates load-induced activation of growth and survival signaling pathways in adult rat heart. In this study, we report that 5% to 20% (10-minute) cyclic stretch (1 Hz) of neonatal rat ventricular myocytes (NRVMs) was paralleled by increases of Fak phosphorylation at Tyr-397 (from 1.5-to 2.8-fold), as detected by anti-Fak-pY 397 phosphospecific antibody. Moreover, 15% cyclic stretch lasting from 10 to 120 minutes increased Fak phosphorylation at Tyr-397 by 2.5-to 3.5-fold. This activation was accompanied by a dramatic change in Fak localization in NRVMs from densely concentrated in the perinuclear regions in nonstretched cells to aggregates regularly distributed along the myofilaments in stretched cells. Furthermore, a 4-hour cyclic stretch enhanced the activity of an atrial natriuretic factor (ANF) promoter-luciferase reporter gene by 2.7-fold. Disrupting endogenous Fak/Src signaling either by expression of a dominant-negative Fak mutant with phenylalanine substituted for Tyr-397 or by treatment with a c-Src pharmacological inhibitor (PP-2) markedly attenuated stretch-induced Fak activation and clustering at myofilaments and inhibited stretch-induced ANF gene activation. On the other hand, overexpression of wild-type Fak potentiated the stretchinduced Fak phosphorylation but did not enhance either baseline or stretch-induced ANF promoter-luciferase reporter gene activity compared with the responses of nontransfected NRVMs. These findings identify Fak as an important element in the early responses induced by stretch in cardiac myocytes, indicating that it may coordinate the cellular signaling machinery that controls gene expression program associated with load-induced cardiac myocyte hypertrophy.
M echanical overload is both cause and consequence of most heart diseases. 1 Cardiac myocytes respond to increased mechanical load by hypertrophic growth, but mechanical stress is also an important stimulus for triggering the initial steps toward cardiac myocyte degeneration and death, which play a critical role in the maladaptive myocardial remodeling and heart failure. 1, 2 A major goal in this field is to decipher the mechanisms that link biomechanical forces to the activation of signaling pathways that mediate the hypertrophic as well as maladaptive responses of cardiac myocytes to mechanical stress.
The mechanistic pathways that link mechanical stimuli to biochemical signals in cardiac myocytes are presently unclear, but a growing body of evidence indicates that costameres (complex structures constituted by integrins and cytoskeletal proteins at the junction of sarcolemma and Z-discs) have a critical role in sensing and transducing mechanical stress into biochemical signals that coordinate growth responses to hypertrophic stimuli in both cardiac and skeletal muscle. [3] [4] [5] [6] [7] The prominent location of integrins at the junction of extracellular matrix to Z discs makes them candidates for acting as biomechanical sensors in cardiac myocytes. Accordingly, overexpression of ␤ 1 -integrins in cardiac myocytes induces hypertrophic gene expression, whereas disruption of integrin function by conditional Cre-loxP gene targeting in adult mice results in intolerance to hemodynamic overload and abnormal cardiac function. 8, 9 In addition, Fak, a primary integrin effector that is known to play a key role in the responses of cells to mechanical stimuli through focal adhesion sites, 10 -12 is rapidly activated by mechanical stimuli in cultured neonatal rat ventricular myocytes (NRVMs) 13, 14 and in overloaded myocardium of adult animals. [15] [16] [17] [18] Data obtained in NRVMs have shown that Fak is also involved in the regulation of early gene transcription in response to hypertrophic agonists, 19 -22 indicating that this kinase may function as a node for the convergence of multiple signaling pathways involved in the hypertrophic growth of cardiac myocytes. However, a clear demonstration that Fak plays a role in the control of early gene expression in response to mechanical stimuli in cardiac myocytes is still lacking.
Thus, in this study we investigated the activation of Fak/Src complex by cyclic stretch and its influence on the early activation of atrial natriuretic factor (ANF) promoter reporter gene (ANF-LUC) in response to cyclic stretch in cultured neonatal rat ventricular myocytes. By disrupting Fak/Src signaling, either through expression of a dominantnegative Fak mutant (Phe-397) or through the inhibition of Src activity with the pharmacological inhibitor PP-2, we showed that Fak plays an important role in the stretchinduced ANF transcriptional activation in cardiac myocytes.
Materials and Methods
Detailed methods are described in the online data supplement and in published studies, as referenced.
Cell Culture
Primary cultures of NRVMs (1-to 2-day-old Wistar rats) were prepared as previously reported. 8 Briefly, the myocytes were purified on a discontinuous Percoll gradient, suspended in a plating media containing 10% horse serum, 5% fetal serum, and 0.5% penicillin/ streptomycin, and plated in type I collagen Bioflex plates (Flexcell International Corp) coated with gelatin at 500 000/well. After 24 hours, the medium was replaced with serum-free DMEM and incubated for 24 to 48 hours under 95% air plus 5% CO 2 before being used for study.
Cell Stretching
NRVMs cultured in Bioflex plates were stretched in a Flexercell FX-3000 strain unit to 115% of resting length at a frequency of 1 Hz (0.5-s stretch/0.5-s relaxation) for variable periods, depending on the protocol. Control nonstretched NRVMs were also cultured in Bioflex plates and incubated in serum-free medium. At the conclusion of the experimental protocol, cells were either scraped from membranes and lysed for immunoblot analysis or fixed for confocal immunofluorescence analysis.
Plasmid Transfection and Dual Reporter Gene Assays
Constructions of murine Fak pRc/CMV-FAKwt (wild-type [WT-Fak]) and pRc/CMV-FAKF397 (mutant [MT-Fak]) were described previously. 23 WT-Fak and MT-Fak constructs were subcloned into pRc/CMV cytomegalovirus promoter-driven eukaryotic expression vector containing c-myc epitope tag (Invitrogen). Rat ANF promoter luciferase reporter gene (NP328, 700 bp of ANF flanking sequences containing luciferase reporter gene into pXP2) was obtained from Dr Mona Nemer (Institut de Recherches Cliniques de Montréal, Canada). NRVMs were cotransfected with 2 g of ANF-LUC, 0.1 g of the internal control SV40-renilla luciferase, and 2 g of WT-Fak, MT-Fak, or empty plasmid, and 48 hours after transfection they were stretched for 4 hours. All firefly luciferase values were normalized to renilla activities.
Subcellular Fractionation
This procedure was performed as previously reported. 28 Briefly, NRVMs were homogenized in lysis buffer and centrifuged (100 000g, 1 hour). The supernatant (S) fraction was concentrated to 10% of original volume. The particulate (P) fraction was resuspended in a buffer with 1% Triton X-100 and 0.1% SDS and recentrifuged (10 000g, 20 minutes). S and P fractions were separated by SDS-PAGE.
Immunoblotting
NRVMs homogenated in lysis buffer were resolved on SDS-PAGE and transferred to nitrocellulose membranes. For immunoprecipitation, normalized samples were incubated with anti-c-myc monoclonal antibody and collected after addition of 25 L of protein G-Sepharose beads. The membranes were incubated with primary antibodies (anti-Fak, anti-Fak-pY 397 , anti-Fak-pY 577 , anti-c-Src, or anti-c-Src-pY 418 ). Band intensities were quantified by optical densitometry of the developed autoradiographs.
Laser Confocal Analysis
NRVMs were fixed with 4% paraformaldehyde/sucrose and incubated with anti-Fak primary antibody. This was followed by incubation with biotin-conjugated secondary anti-rabbit antibody and then with streptavidin-Cy2 and rhodamine-conjugated phalloidin. Images were obtained with laser confocal microscope (Zeiss LSM510).
Statistical Analysis
Data are presented as meanϮSEM. Differences between the mean values of the densitometric or luciferase readings were tested by ANOVA and Bonferroni multiple-range test. PϽ0.05 indicated statistical significance.
An expanded Materials and Methods section can be found in the online data supplement available at http://www.circresaha.org.
Results

Stretch-Induced Fak Activation in NRVMs
The tyrosine residue Tyr-397 has been shown to be phosphorylated via an autophosphorylation process, being critical for FAK activation. [23] [24] [25] Phosphorylated Tyr-397 then recruits Src family kinases, which lead to an increase in Fak enzymatic activity. We examined the effects of the amplitude and duration of cyclic stretch (1 Hz) on Fak activity by Western blotting NRVM extracts with phosphospecific antibody directed against the autophosphorylation site of Fak [anti-Fak-Tyr(P)-397 antibody (anti-Fak-pY 397 )]. As shown in Figure  1A , 5% cyclic stretch enhanced the phosphorylation of Fak at Tyr-397 to Ϸ150%. Additional increases were seen in NRVMs subjected to 10%, 15%, and 20% stretch (to Ϸ210%, 230%, and 280%, respectively). The time course of Fak phosphorylation at Tyr 397 was examined in NRVMs subjected to 15% cyclic stretch up to 120 minutes ( Figure 1B ). The amount of Fak detected with the anti-Fak-pY 397 antibody increased 2.5-fold within 10 minutes to up to 3.5-fold within 120 minutes of cyclic stretch compared with nonstretched cells. No change was observed in the amount of protein detected with anti-Fak antibody in both stimulus intensity and time course experiments.
The subcellular distribution of Fak in nonstretched and stretched NRVMs was first examined in soluble (S) and particulate (P) fractions obtained with differential centrifugation of NRVMs extracts. As shown in Figure 2A , in nonstretched cells, most of Fak was present in the S fraction, whereas stretch resulted in a marked reduction of Fak in S fraction and an increase in P fraction.
Fak distribution in NRVMs was also evaluated by confocal microscopy in cells doubled-stained with anti-Fak/streptavidin-Cy2 and rhodamine-conjugated phalloidin. In nonstretched NRVMs, Fak was densely concentrated in the perinuclear regions, but less markedly at the cellular periphery, where it was diffusely distributed (Figures 2B and 2C) . We used rhodamine-conjugated phalloidin, which labels sarcomeric actin, to define the precise localization of Fak. NRVMs staining with this procedure revealed the typical sarcomeric pattern of repetitive striations, with the labeled structure representing the actin array of two adjacent sarcomeres, where presumably Z discs and costameres are located. At higher magnification ( Figure 2D ), it was possible to see that at cell periphery, although Fak was detected close to myofilaments, it was not possible to define any distribution pattern or a consistent superimposition to myofilaments. In 30-minute stretched cells, anti-Fak staining was clearly reduced at perinuclear regions and increased at the cell periphery, where it distributed regularly along the myofilaments (Figures 2E and 2F ). At higher magnification ( Figure 2G ), Fak-specific staining was seen as clusters overlapping the regions stained with phalloidin, consistent with the localization of costameres.
Angiotensin II-Induced Fak Activation in NRVMs
FAK has been shown to be activated in response to GPCR agonists, including angiotensin II (Ang II). 27 Furthermore, Ang II may act as autocrine/paracrine mediator of stretchinduced cardiomyocyte hypertrophy. 5 Thus, we tested the possibility that cyclic stretch induces Fak activation via an Ang II-mediated mechanism. As shown in Figure 3A , Ang II induced a concentration-dependent increase of FAK phosphorylation at Tyr-397 in NRVMs. This effect was completely inhibited by addition to the medium of the AT1specific receptor antagonist (DUP-753; 10 mol/L, 1-hour preincubation), indicating that Ang II-induced FAK phosphorylation occurred via AT1 receptor-dependent signaling ( Figure 3B ). As shown in Figure 3B , cyclic stretch still activated Fak in NRVMs treated with the AT1-antagonist stretched (E through G) NRVMs were fixed, double-labeled with TRITC-conjugated anti-Fak antibody and rhodamine-conjugated phalloidin (actin filaments labeling), and viewed under a laser confocal microscope. In nonstretched cells, Fak (A, green) was concentrated at the perinuclear region and much less at cell periphery as seen in detail at higher magnification (D). After 30 minutes of cyclic stretch (15%), Fak aggregates were seen decorating myofilaments (F and G). Areas of Fak/phalloidin colocalization appear as yellow.
DUP-753, indicating that the stretch and Ang II activate Fak by distinct mechanisms.
The effect of Ang II on Fak localization in NRVMs was then evaluated by confocal microscopy of cells doublestained with anti-Fak/streptavidin-Cy2 and rhodamineconjugated phalloidin. Distinct from cyclic stretch that induced Fak to aggregate at myofilaments, treatment with Ang II did not change the distribution of Fak in NRVMs, except for the augmentation of spot areas around the edge of the cells, consistent with the localization of focal adhesions ( Figure 3C , arrows).
Effects of WT-Fak and MT-Fak on Stretch-Induced Expression of ANF-LUC Reporter Gene
To test the role of Fak on the stretch-mediated NRVM hypertrophic response in vitro, we transiently cotransfected NRVMs with Myc-tagged WT-Fak or MT-Fak constructs driven by cytomegalovirus promoter and ANF-LUC/SV40-Renilla reporter genes. Because Fak constructions were Myc-tagged, we initially tested the ability of NRVMs to express WT-Fak or MT-Fak by immunoprecipitation using anti-c-Myc monoclonal and anti-Fak antibodies. As shown in Figure 4A , a considerable amount of Myc-tagged Fak was detected in the immunoprecipitates of both WT-Fak-transfected and MT-Fak-transfected NRVMs but not in nontransfected cells. Furthermore, Fak expression was estimated in whole-cell lysates by immunoblotting with anti-Fak antibody. Figure 4B shows that transfection with 2 g total DNA of WT-Fak or MT-Fak plasmids (48 hours) enhanced the amount of Fak detected by anti-Fak antibody by Ϸ14-fold compared with the amount of Fak detected in control nontransfected NRVMs. Transfection with WT-Fak and MT-Fak did not change the amount of Fak detected with anti-Fak-pY 397 antibody in nonstretched NRVMs compared with non-transfected cells ( Figure 4C ). Nevertheless, transfection with WT-Fak potentiated stretch-induced Fak activation in NRVM, as demonstrated by a marked increase (to 14-fold) in the amount of Fak detected by anti-Fak-pY 397 after 30 minutes of cyclic stretch. In contrast, NRVM transfection with MT-Fak abolished the stretch-induced Fak activation.
To address the effects of transient transfection with WT-Fak and MT-Fak on cell viability as well as in Fak protein distribution, NRVMs were double-stained with anti-c-Myc antibody/streptavidin-Cy2 and rhodamine-conjugated phalloidin and analyzed by confocal microscopy. In nontransfected and nonstretched NRVMs ( Figures 5A and 5B) , the anti-c-Myc monoclonal antibody detected only a small amount of c-Myc restricted to perinuclear areas. Cyclic stretch slightly increased the amount of c-Myc in these cells restricted to perinuclear areas ( Figures 5C and 5D ). Cells transfected with WT-Fak ( Figures 5E through 5H ) or MT-Fak ( Figures 5I through 5L ) constructs (48 hours) showed morphological characteristics comparable to those of nontransfected cells. Marked increases were seen in the anti-c-Myc staining of these compared with nontransfected cells. In nonstretched cells, anti-c-Myc staining was observed throughout the cells, although it was densely concentrated in the perinuclear areas. In stretched WT-Fak-transfected cells, anti-c-Myc staining was associate with myofilaments, as was the staining with anti-Fak antibody of stretched nontransfected NRVMs (Figures 5G and 5H ), but the perinuclear regions still showed a highly intense anti-c-Myc staining. However, in stretched MT-Fak-transfected cells, the distribution of anti-c-Myc staining remained similar to that of nonstretched cells ( Figures 5K and 5L ) without a clear association with the myofilaments.
We next assessed the effect of cyclic stretch on the activity of transiently transfected ANF-LUC. As shown in Figure 6 , a 
Effects of PP2 on Stretch-Induced Fak and ANF-LUC Activation
Fak activation in response to cell adhesion is dependent on a reciprocal catalytic activation of Fak and Src family kinases. [23] [24] [25] 29 Autophosphorylation of Fak Tyr-397 creates a high-affinity binding site for the SH2 domain of Src, and Src associated with Fak promotes maximal Fak catalytic activity by phosphorylating Fak Tyr-576 and Tyr-577 located in the kinase catalytic domain. Accordingly, treatment with the selective Src family kinase inhibitor PP-2 has been shown to inhibit the phosphorylation of Tyr-397 and Fak activation induced by integrin engagement. 26, 27 To additionally evaluate the role of stretch-induced activation of the Fak/Src complex on the early regulation of ANF-LUC activity in NRVMs, we Figure 7B , despite the marked inhibition of stretch-induced Fak, treatment with PP-2 for 4 hours did not alter the morphology or viability of NRVM. In addition, image analysis indicated that PP-2 treatment did not change the distribution of Fak in nonstretched cells, because it remained densely concentrated in the perinuclear regions and diffusely distributed at the cell periphery. However, in contrast to what was seen in untreated stretched NRVMs, treatment with PP-2 was not accompanied by a consistent aggregation of Fak at myofilaments.
Experiments performed with ANF-LUC-transfected NRVMs showed that PP-2 treatment markedly attenuated the stretch-induced ANF-LUC activation ( Figure 7C ). In untreated cells, cyclic stretch increased ANF-LUC expression by 2.7-fold, whereas in PP-2-treated cells, stretch increased ANF-LUC activity by only 1.3-fold.
Discussion
The present study demonstrates that Fak activation plays an important role in the early upregulation of ANF transcription induced by mechanical stress in cardiac myocytes, indicating that its activation by mechanical stress is not simply involved in the initiation of biochemical signals but also that it coordinates cellular signaling machinery that controls gene expression associated with load-induced cardiac myocyte hypertrophy.
Stretch-Induced Fak Activation in NRVMs
Fak was found to be rapidly activated in NRVMs by cyclic stretch, as reported previously. 13, 14 This activation was shown to be roughly parallel to the amplitude and duration of the stretch. In addition, we have shown here that stretch induced Fak to migrate from soluble to particulate fraction of NRVMs extracts. Additional analysis with confocal microscopy demonstrated that stretch induced Fak to aggregate at myofilaments in a distribution pattern that follows that of costamere sites. Simultaneous with the aggregation at myofilaments, there was a marked reduction of specific Fak staining in the perinuclear regions with no change in the amount of Fak detected by Western blot, supporting the conclusion that cyclic stretch induces Fak to translocate and cluster at costameres sites of NRVMs. These results indicate that activation of Fak by stretch is dependent on its proper location at the costameres, where local mechanical forces are transduced into biochemical signals. This is consistent with our previous demonstration that mechanical stress induces a translocation of Fak to the actin cytoskeletal compartment in rat myocardium. 15 Moreover, this generally agrees with data from recent studies that demonstrated that displacement of Fak from focal adhesion sites by overexpressed FRNK (FAK-related non-kinase) in cultured NRVMs impairs Fak activation. 19, 20, 28 However, in contrast to our results, in those studies Fak was found most consistently in classical focal adhesion sites at the edges of cultured myocytes, where it increased in response to agonist treatment. This suggests that displacement of Fak by FRNK might occur preferentially at these sites instead of costameres. The reason for such differences might be related to differences in the nature of stimulus (ie, mechanical versus chemical). This idea is supported by the results of our experiments performed with Ang II. Although Ang II activates Fak in NRVMs, it does not induce the migration of Fak to myofilaments. Instead, Ang II enhanced Fak aggregation at classical focal adhesion sites, indicating that Ang II and stretch activate Fak by distinct mechanisms and sites of NRVMs. This is additionally supported by our demonstration here that AT1 receptor antagonist did not impair the stretch-induced Fak activation although it is able to blockade the Ang II-induced Fak activation. Moreover, this generally agrees with the previous demonstration 27 that signaling events leading to Fak activation by GPCR agonists are Src independent whereas those stimulated by integrin receptors require Src activation.
Experiments designed to disrupt stretch-induced activation of FAK/Src signaling, either by the dominant-negative Fak overexpression or pharmacological inhibition of Src, abolished the stretch-induced Fak aggregation at NRVM myofilaments. Because both strategies disrupted Fak signaling by affecting Fak autophosphorylation at Tyr-397, our results indicate that stretch-induced Fak clustering at myofilaments is dependent on autophosphorylation of Tyr-397. Similarly, a critical role of Tyr-397 autophosphorylation to Fak activation and clustering also has been shown at focal adhesion sites of noncardiac cells. 29, 30 The importance of Tyr-397 to Fak translocation and clustering probably relies on the fact that autophosphorylation of Tyr-397 is responsible for recruiting and activating Src family kinases, which in turn additionally enhance Fak activity by transphosphorylating and recruiting additional Fak molecules to specific sites. [23] [24] [25] Thus, the impairment of Tyr-397 autophosphorylation would prevent Fak/Src clustering at costameres in cardiac myocytes.
In this regard, one might expect that Fak clustering at costameres optimizes the stretch-induced Fak signaling in cardiac myocytes, not only because of the location at strategic sites that convey mechanical stimuli but also because the molecular proximity in clusters may serve to enhance and sustain Fak signaling. Accordingly, recent studies by Katz et al 31 in fibroblasts have shown that Fak clustering enhances and sustains Fak activation, allowing the recruitment and activation of additional cellular signaling pathways such as those involved in the activation of growth and survival pathways. Additional studies are required to dissect the potential role of stretch-induced Fak clustering at costameres of cardiac myocytes to the long-term effect of mechanical stress in cardiac myocytes.
Control of Gene Expression by Stretch-Induced Fak Activation
The impairment of Fak activation markedly attenuated ANF promoter activity induced by stretch in NRVMs, indicating that Fak plays a central role to signaling events involved in the early regulation of gene expression in response to mechanical stress in cardiac myocytes. These results extend to mechanical stimuli previous demonstrations that Fak is required for early gene upregulation in response to hypertrophic agonists in cultured NRVMs. 19, 20, 22 Moreover, the demonstration here that stretch-induced Fak activation in cultured NRVMs occurs at costameres indicates that this is a specific phenomenon directly related to the mechanical forces imposed by stretch on the costameres and also that this phenomenon might be present in cardiac myocytes in intact myocardium.
A role for Fak in cell growth mediated by integrin signaling has been demonstrated in many cell systems. 32, 33 Early work 34 showed that Fak/Src complex activates putative downstream signaling pathways, leading to activation of phosphoinositide 3-kinase, protein kinase C, ERK, Jun N-terminal kinase, and p38 mitogen-activated protein kinase pathways. Although the downstream mediators of the regulation of ANF expression induced by Fak were not explored in the present study, previous evidence indicates that the Fak/Src complex may activate extracellular signal-regulated kinase (ERK) 1 and ERK2 in NRVMs and in rat myocardium, [15] [16] [17] 20 which potentially may mediate the early regulation of ANF expression. Accordingly, the early activation of ERK1/2 has been suggested to contribute to the reexpression of fetal ventricle genes. 35 Transfection of constitutively active MEK1 (immediate upstream activator of ERK1/2) has been shown to augment ANF promoter activity in cultured cardiomyocytes, whereas a dominant-negative MEK1 construct attenuated its activity. 36 However, the present results do not exclude the possibility that multiple downstream effectors are involved in the influence of Fak on early gene regulation in response to mechanical stress. Thus, additional studies are necessary to clarify the relative importance of the various candidate signaling molecules to Fak influence on early gene regulation in response to mechanical stress.
Interestingly, WT-FAK overexpression in NRVMs did not significantly activate ANF gene expression in nonstretched cells, nor did it enhance stretch-induced ANF-LUC activity despite the fact that it substantially increased the amount of activated Fak in response to stretch in NRVMs. These results might indicate that WT-Fak overexpression alone was not sufficient to activate baseline nor to potentiate the stretchinduced ANF transcription. Alternatively, these results might indicate that Fak-independent mechanisms are responsible for the stretch-induced ANF transcriptional activation. Similarly, previous studies have shown that overexpression of WT-Fak constructs in low-density cultured NRVMs did not enhance Fak activation by endothelin. 19 However, transfection of WT-Fak in high-density cultured NRVMs has been shown to stimulate the transcription of fetal genes associated with the hypertrophic phenotype. 21, 37 The reasons for such discrepancies are not apparent from our results. One may still speculate that under the culture conditions used here, the basal ANF expression was already quite high; thus, despite the potentiation in stretch-induced Fak activation caused by transfection with WT-Fak, ANF transcriptional activity could not increase substantially.
In conclusion, our present results corroborate and extend to isolated cardiac myocytes previous findings in diverse experimental systems that Fak plays a central role as a biomechanical sensor that responds to changes in load in cardiac myocytes. Our data also indicate that signaling by the Fak/Src complex initiated in response to continuous stimulation by mechanical stress coordinates the cellular signaling machinery that controls gene expression program associated with load-induced cardiac myocyte hypertrophy.
